Abstract-Rare earth (RE) doped silica-based optical fibres with transparent glass ceramic (TGC) core were fabricated through the well-known modified chemical vapor deposition (MCVD) process without going through the commonly used stage of postceramming. The main characteristics of the RE-doped dielectric nanoparticles (DNP), their density and mean diameter in the fibres are dictated by various parameters. This paper reports on progresses in the fine characterization of the nanopaticles, particularly their dimensions and composition, using nanosclae mass spectroscpy and molecular dynamics modeling, and alteration of the spectroscopic properties of the erbium ions embedded within the phospho-silicate DNP. These results permit to get more insight into the complex process of the DNP selfnucleation and growth during the fibre fabrication process. This fabrication route could have important potentials in improving rare-earth-doped fibre amplifiers and laser sources.
INTRODUCTION
Developing of new rare-earth (RE)-doped optical fibres for power amplifiers and lasers requires continuous improvements in the fibre spectroscopic properties (like gain and quantum efficiency characteristics, resistance to spectral hole burning and photodarkening,…) besides reduction in device size and economical efficiency. Silica glass as a host material for fibres has proved to be very attractive. However some potential applications of RE-doped fibres suffer from limitations in terms of spectroscopic properties resulting from clustering or inappropriate local environment when doped into silica. The route of interest here consists of using silica as a supporting mechanical host for the fibre optical waveguide, while embedding RE-ions within dielectric (oxide) nanoparticles (DNP). The DNP composition and structure are different fcompared to silica, and they ideally should be small enough to minimize scattering loss down to an acceptable value. The spectroscopic properties or RE-ions in the DNP are expected to be very different from those in silica. We use the term 'Transparent Glass Ceramics' (TGC) for convenience [1 ] , although the DNP may also be amorphous, such as those obtained by phase separation [2] . Scarce reports on RE-doped TGC singlemode fibers used mixed oxides [3] , or mixed oxyfluorides [4] , both with a subsequent ceramming stage. However their low melting point causes low compatibility with silica components, and the ceramming degrades the fibre strength. Transition metal-doped silica-based TGC fibers were prepared by modified chemical vapour deposition (MCVD) and a slurry doping method [ 5 ] , i.e. the particles were synthesized before insertion into the silica tube-substrate.
We have proposed a more straightforward technique allowing to embed RE ions within in situ grown oxide DNP in silica-based fibres [6 ,7 ] , based on the spontaneous phase separation principle: silicate systems can exhibit strong and stable immiscibility when they contain divalent metals oxides (MO, where M= Mg, Ca or Sr) [2] . During the manufacture process, the glass decomposes into a silica-rich phase and a MO-rich one in shape of spherical particles. Three key advantages of this process are that (i) DNP are grown in situ, (ii) there is no need (and associated risks) of DNP manipulation by operators and (iii) the process takes advantage of the high compositional control and purity typical of the MCVD technique. Because of the complexity of the fondamental phenomena in action and of the thermal process in manufacturing TGC fibres by MCVD, we study a relatively simple glass system. We have chosen the alkaline-earth elements series as phase separating agents in order to study the DNP growth dynamics, the resulting composition and structure, and their effects on the spectroscopic properties of the RE-doped TGC fibres. Once the process is better understood, more complex systems may be implemented with applications in mind.
In the present paper, we report further progress in the original characterization of the erbium-doped in situ grown DNP in optical fibres manufactured by MCVD. We had reported that one critical parameter is the concentration of alkaline-earth element in the soaking solution [7, 8] . First, the DNP dimension is sensitive to the amount of available alkaline elements. Second, a great broadening of the 1.55-µm erbium fluorescence happens when the alkaline-earth concentration is high in the solution. However, it was not yet possible to estimate the actual composition nor structure of the DNP. The aim of this paper is to discuss the nature of the local environment of the RE ions, and the effect on the spectroscopic properties.
For the first time to our knowledge, the qualitative composition mapping of the DNP was performed by NanoSIMS, and shows that RE ions are indeed embedded within the modified silicate DNP. It is shown that phosphorus (P), a common glass homogenizer and softener in MCVD process, is not necessary to form DNP; the phase separation is only ascribable to the divalent Mg element. Original computations by molecular dynamics (MD) qualitatively back this interpretation. The emission spectroscopy of Er ions is discussed to the light of these findings.
II. EXPERIMENTAL DETAILS AND RESULTS
Silica preforms were prepared by the usual MCVD process. Germanium was added during the fabrication to raise the core refractive index. Phosphorus was added in some samples to study its effect on the DNP growth. A detailed description of the technique adapted for DNP growing was reported elsewhere [7] . Mg and Er elements were incorporated by using the so-called solution doping technique. The final erbium concentration was kept constant at ~300 mol ppm (as in erbium-doped fibre amplifiers). The fiber drawing stage has no critical effect on the DNP size distribution [9] . We report on fibres prepared from solutions with Mg contents [Mg] sol = 0.1 to 1.0 mol/litre.
The DNP size distributions were analysed from scanning electron microscopy (SEM) images on cleaved fibres [8, 9] . "Low-Mg" samples typical DNP diameter is 40 nm in fibres, whereas "high-Mg" DNP are twice as large. In the latter case, high scattering optical loss is observed. For the first time to our knowldege, DNP in fibres were analysed by NanoSIMS at NRIMS [10] . The description of these original measurements on fibres will be reported at the conference. Fig. 1 shows the mapping of all cations for two fibres containing both 0.3 mol% of P 2 O 5 and two different global amount of Mg (measured by EPMA). The measurements are limited by the resolution of this prototype facility. The room temperature fluorescence around 1.55 µm was collected from short fibre samples pumped at 980-nm, and analysed by an optical spectrum analyser (Fig. 2) . Original molecular dynamics modeling was performed on the binary system 10 MgO:90 SiO 2 . The results shown Fig. 3 are obtained from 655360 atoms in a 10-nm side cubic box. They show the system at the end of the fusion stage just before the quenching of the TGC. Here also, additional informations will be provided at the conference.
III. DISCUSSION
The NanoSIMS measurements show a remarkable good spatial correlation of elements P, Mg and Er, particularly in the "high-Mg" sample. This confirms that all Er ions are embedded within strongly modified silicate DNP, independently of the initial concentration in phase separating element (here Mg). The surrounding host is a homogeneous germano-silicate in "high-Mg" samples (the distribution of Ge measured by nanoSIMS, not shown here for the sake of clarity) is homogeneous. The actual composition of the DNP is not yet acccessible because of the limited transverse spatial resolution. Further improvements are under progress. We don't know yet whether the absence of phosphorus in the procees leads to the same drastic partition of elements. The 1.5 µm fluorescence spectra in Fig. 2 give some answer: both samples show very similar spectra, whatever phosphorus is present or not. The similarity between spectra indicate that the Er ions are lying in very similar local environment, i.e. in a Mg rich region of the DNP. The divalent alkaline elements (here : Mg) is the only element responsible for the phase separation. Phosphorus has been invoqued as phase separating element by others in silicabased fibres, but only in case of several mol% of P 2 O 5 .
The preliminary MD modeling results (Fig. 3) suggest indeed that Mg alone causes phase separation into DNP made either of magnesium-silicate or even pure monocrystalline MgO in some conditions (slow glass quenching). In Fig 2, the spectrum attributed to erbium in crystallized MgSiO 3 units by Trento et al. in Ref. 11 has many characteristic peaks, that are not observed in our samples. Therefore we tentatively conclude that in both cases (Mg only or both Mg+P), the local environment applied to Er ions are the same, and is amorphous. When P is present, it does not influence the emission spectra. Further investigations on DNP synthesis and the effects of phosphorus on other spectroscopic properties are under progress and will be discussed at the conference.
IV. CONCLUSION
We have presented progress in the understanding of the DNP formation in Er-doped TGC optical fibres manufactured entirely by MCVD. The alkaline-earth elements provided in the process are responsible for the phase separation phenomenon which creates the DNP. Additional phosphorus does not have effects on the resulting near-infrared emission spectrum: the same broadening is observed whatever phosphorus is introduced in the core composition. It was shown that the modifying elements are very well separated from the silica host. At last, molecular dynamics modeling on the binary MgO:SiO 2 system conforts our conclusions. At the conference, more details will be provided on the original experimental and numerical tools implemented here, and on the conclusion we draw toward the understanding of the TGC formation. These studies may have great impact in the production of advanced components for photonics applications, including intrinsic gain flattening, spectral hole burning resistance, or irradiation strengthening (to name a few) in future fibre amplifiers and lasers. 
